We report the generation of nondegenerate narrow-bandwidth paired photons with time-frequency and polarization entanglements from laser cooled atoms. We observe the two-photon interference caused by Rabi splitting with a coherence time of about 30 ns and a visibility of 81.8% which verifies the timefrequency entanglement of the paired photons. The polarization entanglement is confirmed by polarization correlation measurements which exhibit a visibility of 89.5% and characterized by quantum-state tomography with a fidelity of 90.8%. Taking into account the transmission losses and duty cycle, we estimate that the system generates hyperentangled paired photons into opposing single-mode fibers at a rate of 320 pairs per second. DOI: 10.1103/PhysRevLett.106.033601 PACS numbers: 42.50.Dv, 03.67.Bg, 03.67.Mn, 42.65.Lm Entangled paired photons, a hallmark tool of quantum optics, play a critical role in quantum information processing, quantum computation and quantum communication [1] . For many decades, spontaneous parametric downconversion (SPDC) in nonlinear crystals has been used as the standard method to generate nonclassical correlated photons [2, 3] . Recently, much research interest has been drawn to the production of photons that are simultaneously entangled in more than one degree of freedom, or hyperentangled [4] [5] [6] [7] [8] , because of the increasing information carrying capacity of these paired photons. The hyperentangled photons can be implemented as building blocks for efficient quantum computation [9, 10] . However, the SPDC sources typically have wide bandwidths ($ THz) and short coherence time ($ ps), and thus are not suitable for use in entanglement storage based long distance quantum communication protocols. By putting the nonlinear crystal inside a cavity and using two-photon interference outside the cavity, generation of narrow-band degenerate polarizationentangled photon pairs has been demonstrated [11] .
Entangled paired photons, a hallmark tool of quantum optics, play a critical role in quantum information processing, quantum computation and quantum communication [1] . For many decades, spontaneous parametric downconversion (SPDC) in nonlinear crystals has been used as the standard method to generate nonclassical correlated photons [2, 3] . Recently, much research interest has been drawn to the production of photons that are simultaneously entangled in more than one degree of freedom, or hyperentangled [4] [5] [6] [7] [8] , because of the increasing information carrying capacity of these paired photons. The hyperentangled photons can be implemented as building blocks for efficient quantum computation [9, 10] . However, the SPDC sources typically have wide bandwidths ($ THz) and short coherence time ($ ps), and thus are not suitable for use in entanglement storage based long distance quantum communication protocols. By putting the nonlinear crystal inside a cavity and using two-photon interference outside the cavity, generation of narrow-band degenerate polarizationentangled photon pairs has been demonstrated [11] .
Following the protocol of long distance quantum communication proposed by Duan et al. [12] , nonclassical photon pairs have been generated from atomic ensembles using ''writing-reading'' technique [13, 14] . Polarization entanglement has been achieved using this technique [15] , but the photons are not entangled in time-frequency due to the fact that ''writing'' and ''reading'' are timeseparated pulsed processes. Subsequently, Harris group [16] [17] [18] generated narrow-bandwidth time-frequency entangled paired photons with the two driving lasers running in continuous-wave (cw) mode, making use of electromagnetically induced transparency [19] and spontaneous four-wave mixing (SFWM). With the long coherence time of these biphotons, it was possible to shape and modulate their single-and two-photon waveforms [20, 21] . So far, paired photons with entanglement in both time-frequency and polarization have not been produced from atomic ensembles, even though this possibility has been suggested theoretically [22] .
In this Letter, we report the experimental demonstration of generation of narrow-bandwidth nondegenerate paired photons with both time-frequency and polarization entanglements from a cold atomic ensemble via SFWM. These hyperentangled photons having tunable optical frequencies near atomic resonances, are ideal for performing interaction with and storage using atomic quantum memories [12] , and may find application in dense coding quantum communication and computation systems [9, 23] .
The hyperentangled biphotons are generated from cold 85 Rb atoms in a two-dimensional (2D) magneto-optical trap (MOT) with a longitudinal length L ¼ 1:5 cm and a temperature of about 100 K. (4) 033601-1 Ó 2011 American Physical Society elliptical beam profile (1=e 2 major and minor diameters are 13.0 and 0.8 mm) that matches the size of atom cloud, is sent through the 2D MOT transversely and then retroreflected back by a mirror (M). The pump laser beam is linearly polarized parallel to the longitudinal symmetry z axis of the MOT and red-detuned from the transition j1i ! j3i by 3 GHz so that it coincides with the resonance transition j2i $ j3i. The counterpropagating phasematched paired Stokes (! s ) and anti-Stokes (! as ) photons are emitted along the z axis and at 90 to the pump beams. They are collected by two opposing single-mode fibers (SMF) and detected by the single-photon counter modules (SPCM, Perkin Elmer SPCM-AQ4C). The two-photon correlation is analyzed using a time-to-digital converter (Fast Comtec P7888). The Stokes and anti-Stokes single modes are focused at the MOT center with a 1=e 2 diameter of 0.22 mm. Here, the pump laser acts not only as the pump beams of the SFWM process but also as the coupling laser for creating EIT for the anti-Stokes photons. Because of the hyperfine splitting Á 12 ¼ 2 Â 3 GHz between j1i and j2i, the Stokes and anti-Stokes photons are nondegenerate and their central optical frequencies differ by 6 GHz, i.e., ! as0 À ! s0 ¼ 2Á 12 . Two narrow-band optical frequency filters, F 1 and F 2 (0.5 GHz bandwidth), with peak transmissions centered at ! s0 and ! as0 respectively are used to distinguish the Stokes and anti-Stokes photons. Two pairs of quarter-wave (=4) and half-wave (=2) plates are placed in opposing beam paths for measuring polarization correlation and quantum-state tomography.
The time-frequency entanglement between the Stokes and anti-Stokes photons is a result of energy conservation: ! s þ ! as ¼ 2! p when the atoms are driven by counterpropagating cw pump beams, which allow spontaneously generated paired photons to emit at right-angle under perfect phase-matching condition. To produce entanglement in polarization, we make use of the degenerate Zeeman sub states of each hyperfine energy level. By choosing the 2D MOT longitudinal symmetry axis as the quantization z axis, Zeeman states with ÁM F ¼ 0 are coupled by the linearly polarized pump beams. Conservation of angular moment along the z axis allows two possible circular polarization configurations as shown in Fig. 1 
where ¼ t as À t s is the relative time delay between the paired photons. We conduct the experiment periodically with a MOT time of 4.5 ms and a biphoton generation window of 0.5 ms at each period. Near the end of each trapping cycle, we optically pump all atoms to the ground level j1i. The 2D quadruple magnetic field, with zero field along the longitudinal axis, has a transverse gradient of 10 G=cm. This allows us to keep the quadruple magnetic field on continuously during the experiment. Our system is significantly simpler than other atom-trap systems where the magnetic field must be switched on and off frequently [15] to ensure polarization entanglement.
We first verify the time-energy entanglement of the paired photons as follows. We measure the time correlation Fig. 2(a) . In the case of strong coupling laser power and low optical depth, the single-photon spectrum can be calculated according to FWM nonlinear interaction [24] and plotted in Fig. 2(b) , which displays two resonance peaks separated by c along the angular frequency axis. The widths of these two resonance peaks are determined by 2 13 ¼ 2 Â 6 MHz where 13 is the electric dipole relaxation rate between j1i and j3i. The generated Stokes and anti-Stokes photon pair can be described as the entangled
. Following the theoretical procedure given in Ref. [24] for the Rabi oscillation regime, the interference between the two SFWM channels leads to the following two-photon wave packet:
where we have taken into account the linewidths of the two resonances. B is a grouped nonlinear coupling coefficient 2). With the maximum coincidence counts C max and minimum coincidence counts C min in the correlation function, we can determine the visibility V ¼ ðC max À C min Þ=ðC max þ C min Þ of the two-photon interference. We obtain V ¼ 81:8% and V ¼ 80:0% for Figs. 2(c) and 2(d), respectively, which are far beyond the requirement for violation of Bell inequality [25] .
PRL 106, 033601 (2011) P H Y S I C A L R E V I E W L E T T E R S
The quantum nature of the correlation between two single photons can be measured by the violation of Cauchy-Schwartz inequality [16, 26, 27] . In our experiment, the background nonzero floor in Fig. 2 as;as ð0Þ ' 1:0 using a fiber beam splitter, we obtain a violation of the inequality by a factor of 100 and 81, respectively.
We next verify the polarization entanglement. To do so, we first convert the circular polarization basis j þ s À as i,
as i into linear polarizations jHHi, jVVi, jHVi and jVHi respectively by passing the photons through the quarter-wave plates as shown in Fig. 1(b) . Then we use a half-wave plate followed by a cubic polarization beam splitter (PBS) as the polarization selector. The measured two-photon polarization correlations are displayed in Fig. 3 , where the triangle data (4, blue) points are measured by fixing the Stokes photon polarization angle (after the half-wave plate) at 0 and the square data (h, red) at À45 . Each data point corresponds to the counts collected in 900 s. The system parameters during measurement remain the same as those shown in Fig. 2(c) . The solid cosine-and dashed sine-wave curves are theoretical fits with background and amplitude being adjustable parameters. We obtain a visibility V ¼ 89:5% which violates the Bell-CHSH inequality and indicates the expected maximum polarization entanglement [28] .
In order to obtain a complete characterization of the polarization entanglement, we also make a quantum-state tomography to determine the density matrix of the biphoton polarization state [29, 30] . We add an additional quarter-wave plate between the first quarter-wave plate and the half-wave plate in each beam path. In this way, we can access all 16 independent projection states by simply adjusting this quarter-wave plate and the halfwave plate in both paths. The density matrix is constructed from these 16 independent coincidence counts using the maximum likelihood estimation method [30] : of the Bell-CHSH inequality (jSj < 2) and obtain S ¼ 2:47 AE 0:15.
We notice that, from the symmetry of the right-angle configuration in Fig. 1(b) , the counter-propagating Stokes and anti-Stokes photons can go to both directions if the filters are removed. We verify this by exchanging the positions of filters F 1 and F 2 and obtain the same results as shown in Figs. 2-4. As discussed previously, we are working in the Rabi oscillation regime [24] , where the biphoton emission rate is proportional to square of the atomic optical depth, as shown in Figs. 2(c) and 2(d). Taking into account of the detector quantum efficiency of 50%, fiber-fiber coupling efficiency of 70%, filter transmission of 70% and duty cycle of 10%, as well as tracing over the time, polarization and momentum spaces, we estimate that our system spontaneously generate 320 pairs per second in the case of Fig. 2(d) . The two-photon coherence time is about 30 ns, which corresponds to a bandwidth of about 6 MHz.
In summary, we have demonstrated the generation of narrow-bandwidth nondegenerate hyperentangled paired photons with entanglement in both time frequency and polarization from a 2D MOT. We observe a damped Rabi oscillation (with a visibility of 81.8%) in the two-photon correlation function that results from the entanglement of two narrow-band (6 MHz) frequency lines. The polarization entanglement is verified by the polarization correlation measurement which exhibits a visibility of 89.5%. We also perform a quantum-state tomography measurement to determine the density matrix and obtain a fidelity of 90.8%. In contrast to the previous experiment [11] where the polarization entanglement is produced from two-photon interference involving passive beam splitters, the timefrequency and polarization entanglements in our work are generated from the internal symmetries of the atomic system. For the first time we show that polarization entanglement can be preserved maximally without switching off the quadruple magnetic field in the 2D MOT configuration. These narrow-bandwidth hyperentangled photons having a coherence time of about 30 ns are suitable for quantummemory-based long distance quantum communication. 
